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Abstract

Preparation of nano-size ZrB, powder by SHS has been investigated. Zr and B elemental powders were mixed with 10-50 wt.% NaCl, and prepared
pellets were reacted under argon. Adiabatic temperatures were calculated by HSC software. Increasing NaCl content led to a continuous decrease
in adiabatic temperatures and reaction wave velocity. Products were subjected to XRD, SEM and FESEM analyses. Average crystallite size of
ZrB,, which was 303 nm without NaCl, decreased to 32 nm with 40% NaCl addition. Distinct decrease in ZrB, particle size was also observed from
SEM analyses. 30% NaCl addition was found to be optimum for ensuring a stable SHS reaction and providing the formation of nano-size ZrB,
particles. It was revealed from particle size distribution measurements that ZrB, powder obtained by 30 wt.% NaCl addition contained particles

mostly finer than 200 nm. A mechanism, similar to solution-precipitation was proposed for the particle size refining effect of NaCl.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride (ZrB,) is one of the most stable borides.
It is in ultrahigh-temperature ceramics class with a melting
point of as high as 3050 °C. It has outstanding wear and cor-
rosion resistance, high heat and electrical conductivity, and
high hardness.? Possible applications of ZrB, bearing ceramics
involve cutting tools, crucibles for molten metal handling, high-
temperature electrodes and high-temperature spray nozzles.'=
Z1B; has been produced through various methods starting from
elemental Zr or its oxide, ZrO,. Reaction between Zr and B ele-
mental powders, metallothermic reduction of ZrO; and B,O3 by
magnesium or boron,*> fused salt electrolysis,6 mechanochem-
ical synthesis and combustion synthesis’ are some of the
methods.
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In the last decade, there has been a growing appeal on
the production of ceramic powder having ultrafine or nano-
sized particles and nano-grained sintered particles. Exceptional
properties such as excellent sinterability of nano-powder and
improved mechanical properties of the formed nano-grained par-
ticles are the motivation for this appeal.® In this respect SHS
is quite challenging due to the high temperatures involved that
lead to considerable grain coarsening in the product. Formation
of nano-sized powder through SHS has been investigated by var-
ious groups.!%13 For this purpose, effect of addition of diluents
into the reactants, which are mostly preformed powder of the
same kind as the expected products, has been investigated.'3
However, the simple use of the product as a diluent did not pro-
vide sufficient grain refinement and the formation of submicron
size particles is not achieved in most cases.'? The use of volatile
species as diluent has been recently suggested as an alternative
method. Specifically, in the case of the SHS leading to the for-
mation of borides and carbides, NaCl has been employed.!%-12
Nanometric TiB, powder was reported to be produced through
SHS using H3BO3, Mg and TiO;, and NaCl as the diluent.!!
Grain refinement, due to addition of NaCl, has also been reported
in the combustion synthesis of TiC from Ti and C powders.'?
Starting powder mixtures containing H3BOs3, ZrO; and Mg have
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been used for the synthesis of ZrB, by SHS and it was stated that
addition of NaCl resulted in a decrease in the particle size of the
formed ZrB,.!0 However, utilization of oxide starting materials
not only results in formation of side products like magnesium
borates that require further removal steps such as acid leaching;
but also decrease the efficiency of the reactions.”-!* Additionally,
residual ZrO; remains in the products in spite of the precautions
including utilization of sub-stoichiometric amount of ZrO; in
the starting mixture.'> Unreacted ZrO, in the products cannot be
removed from ZrB, due to its insolubility in acid solutions.”-!
Consequently, starting from elemental Zr and B powders was
found to be more advantageous and is the topic of the present
study.

In the present study, SHS preparation of nano-size ZrB,
powder has been investigated from Zr and B elemental start-
ing powders with NaCl additions. Increased surface area of
the nano-size powder obtained by this technique is expected
to provide sintering at lower temperatures and also bring about
better mechanical properties of the sintered parts, as compared
to micron-scale powder.?

2. Experimental procedure

Preparation of ZrB, from mixtures of elemental Zr (Alfa
Aesar, 95%), elemental amorphous B (Alfa Aesar, 90%) and
NaCl (Merck Chemicals) through SHS has been investigated.
According to SEM observations Zr powder was composed of
particles having 1-3 wm size and B particles were smaller than
1 wm.'6 Starting materials in powder form were weighed in stoi-
chiometric proportions according to reaction (1) then dry mixed
and ground thoroughly in an agate mortar and pestle. NaCl
(Merck Chemicals) was added to Zr—B mixtures in 10-50%
weight ratio with 10 wt.% increments. The powder mixtures
were pressed in the form of 10 mm high cylindrical pellet with
a diameter of 8 mm and % theoretical density of 50-55.

Two reasons were considered for the utilization of NaCl as
a diluent. First, NaCl does not react with the starting materi-
als and it is believed to have the possibility to develop a layer
among forming ZrB; crystals thereby preventing their growth
by separating them from each other. Second reason is the ease in
separation of NaCl from the products, due to its high solubility
in water.'?

Adiabatic temperatures of the mixtures containing increasing
amounts of NaCl according to reaction (1) were calculated by
the HSC software.!”

Zr + 2B + (x)NaCl = ZrB; 4 (x)NaCl €))

The reacting pellets were placed inside a stainless steel reac-
tor and the SHS process was ignited by an electrically heated
tungsten coil placed at a distance of 1.0 mm from the top surface
of the pellet. All experiments were conducted in a high purity
argon (99.998%) atmosphere. Video recordings of the reaction
were used to measure the reaction velocity.

Products obtained after SHS reactions were subjected to X-
ray powder diffraction (XRPD) analyses (Bruker DS Advance)
with Cu Ko radiation. Average crystallite size of ZrB) crys-

tals obtained by using various amounts of NaCl was calculated
according to Scherrer formulae, making use of the widths of
the peaks on XRPD patterns.'® In these calculations, the mea-
sured peak widths were corrected by removing the instrumental
line broadening, which was obtained by utilizing a BaF; ref-
erence sample.'® Particle size and morphology of the products
were examined by scanning electron microscope (SEM, Cam-
bridge Stereoscan 200). In order to remove the NaCl from ZrB,
particles, product pellets were crushed and ground in an agate
mortar and pestle. NaCl in the obtained powder was dissolved
in distilled water at room temperature and the slurry was cen-
trifuged at 3000 rpm (Misral 2000) for 3 min to separate the fine
ZrB, particles by sedimentation. Filtering could not be utilized
for solid-liquid separation because of the possibility of loosing
fine particles, which pass through the filter. After decantation,
the residue containing sediment ZrB, particles were dried. They
were subjected to further SEM (Zeiss Leo 1430), field emission
scanning electron microscope (FESEM, JEOL 6335F), and par-
ticle size distribution analyses (Malvern Instruments, Zetasizer
Nano-ZS).

3. Results and discussion

Adiabatic temperatures of the Zr—B mixtures containing
0-50wt.% NaCl according to reaction (1) were calculated by
HSC software, and they are presented in Fig. 1. The calculated
adiabatic temperature for the undiluted reaction (1) is equal to
the ZrB, melting point (3050 °C). The adiabatic temperature
was not lowered for NaCl additions up to 10 wt.% although a
decrease in the fraction of molten ZrB, in the product should
occur as well as a decrease in the actual ‘real temperature’ which
is predictably lower than the adiabatic value due to heat losses
and therefore not thermodynamically bound to the melting point
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Fig. 1. Adiabatic temperatures, propagation velocity of the reaction wave, and
average crystallite size of the formed ZrB,.
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value. Addition of amounts of NaCl higher than 10 wt.% results,
on the other hand, in a considerable decrease in the adiabatic
temperature of the reaction.

Combustion wave velocities of pellets containing varying
amounts of NaCl were calculated by means of the records
taken during reactions. Results are presented in Fig. 1. A planar
steady state reaction front was observed for low NaCl con-
tents with a sharply decreasing velocity as the amount of NaCl
is increased from 0% (front velocity 57 mm/s) to 30% (front
velocity 1.1 mm/s). At 40 wt.% of NaCl the propagation of the
combustion reaction becomes unsteady and a velocity value can-
not be properly measured. At 50 wt.% NaCl the reaction could
not be ignited. These observations are in agreement with the
calculated adiabatic temperature value: reactions characterized
by adiabatic temperatures below 1800 K are expected to be non-
steady or non-propagating.'®

The pellets obtained after SHS reactions had layered structure
with very high porosity, and they could be ground in a mortar
and pestle into powder form. Products formed by NaCl additions
were seen to be more fragile and easier to grind than the ones
obtained without NaCl, most probably due to less amount of sin-
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Fig. 2. XRD patterns of the products obtained from Zr-B mixtures containing:
(a) OWt.%, (b) 10wt.%, (c) 20 wt.% NaCl, (d) 30 wt.%, (e) 40 wt.% NaCl after
SHS reactions. (1) ZrB, and (2) NaCl.

tering caused by decreased adiabatic temperatures and presence
of NaCl among the particles.

The XRD patterns of samples with initial content of NaCl
from 0 to 40% are reported in Fig. 2. In all cases ZrB, and
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Fig. 3. SEM micrographs of the fracture surfaces of the products obtained from Zr—B mixtures containing (a) 0 wt.% NaCl, (b) 10 wt.% NaCl, and (c) 30 wt.% NaCl.
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NaCl (peaks belonging to NaCl can be observed when the NaCl
in the starting mixture is above 20%) were the only products.
It can be concluded that, not only complete conversion of the
reactants into products was obtained even in samples with high
NaCl content, but also the formation of undesired phase such as
ZrO, was prevented.

The width of the diffraction peaks belonging to ZrB; increase
with the NaCl content in the starting mixture (Fig. 2(b—e)) as an
effect of the decrease of the average crystallite size of ZrB,
as the reaction temperature is lowered. The average crystallite
sizes of ZrB», calculated by the Scherrer formulae, are shown in
Fig. 1. A sharp decrease of approximately one order of magni-
tude (from 300 to 30 nm) was obtained by lowering the adiabatic
temperature from 3050 to 1870 °C.

SEM micrographs of the fracture surfaces of the product pel-
lets obtained with 0, 10 and 30 wt.% NaCl contents are shown
in Fig. 3. Trends in the product morphology are clearly observ-
able. The particle size of ZrB; decreased from about 2—4 pum
(Fig. 3(a)) for the highest combustion temperature, to submi-
cron values (Fig. 3(c)) for the lowest combustion temperature.
The level of particle coarsening was highest for the lowest NaCl

contents, as expected on the basis of the adiabatic temperature.
For NaCl up to 10 wt.% the product morphology suggests the
presence of partial melting (Fig. 3(a and b)). Increase in the
NaCl amount further reduced the particle size. Microstructures
of the products were similar and there was no sign of melting or
fusion of ZrB, particles for NaCl contents higher than 10 wt.%
NaCl. However, bulky and round shaped formations could be
observed in the products of these samples (Fig. 3(c)). In XRD
analyses residual NaCl was found to be present in the products
when NaCl content was higher than 20 wt.%. It appears there-
fore that the growth of round shaped powder as observed in
SEM study is due to the presence of NaCl in the synthesized
powder, which indicates that all the NaCl is not evaporated. As
was observed in the case of the synthesis of TiB,,!! NaCl in
the product phase is most probably located as a coating on the
formed ZrB, grains’ surface. The formed ZrB, grains are possi-
bly surrounded by NaCl and are embedded in the round shaped
formations of NaCl. This indeed is believed to play a key role in
the refining of the ZrB, particle size by keeping apart the ZrB,
grains. On the other hand, it prevents a precise evaluation of
the particle size of ZrB;. For that reason NaCl was removed by
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Fig. 4. (a), (b) SEM and (c) FESEM micrographs of the ZrB, powder after NaCl removal. Products were obtained from Zr—B mixtures containing (a) 10 wt.% NacCl,

(b) and (c) 30 wt.% NaCl.
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dissolving in water. Pure ZrB, particles were obtained after cen-
trifuging the slurry at 3000 rpm for 3 min, decanting and drying.
NaCl free ZrB; particles were then subjected to further SEM
analyses and particle size measurement.

High magnification SEM micrographs of ZrB; powder
obtained after NaCl removal are given in Fig. 4. The samples
that originally contained low NaCl amounts (up to 10 wt.%)
were still composed of agglomerates of sintered grains even after
grinding as can be seen in Fig. 4(a). The agglomerates were in
various sizes, as a result of grinding in mortar and pestle. They
were mostly in the range of 2—5 wm and apparently larger in
the products which were obtained without NaCl addition. For
higher NaCl contents than 10 wt.%, the powders were on the
other hand made of soft agglomerates. Thanks to the removal
of NaCl it is now possible to observe (Fig. 4(b and c)) that a
significant reduction in the particle size of ZrB, was achieved
when large amounts of NaCl were added to the starting mixture.
The average particle size was reduced from approximately 1 pm
at 10 wt.% NaCl to a scale of 100nm at 30 wt.% NaCl. Parti-
cle size of ZrB; as measured from SEM micrographs is as usual
larger than the average crystallite size calculated by the Scherrer
formulae due to the polycrystalline structure of ZrB, particles.
Formed ZrB; particles appear to have faceted morphology and
they are hexagonal in shape (Fig. 4(c)), which is possibly an
imposition of the hexagonal close packed crystal structure of
ZI’BQ.

To obtain a precise estimation of the particle size and parti-
cle size distribution, measurements by zeta potential after NaCl
removal were performed on all samples. ZrB, powder obtained
from pure and 10 wt.% NaCl mixtures yielded, as expected, to
incorrect results due to the hard agglomerations. ZrB, powders
obtained from 20 and 30 wt.% NaCl mixtures exhibited simi-
lar particle size distributions. Particle size distribution graph of
ZrB; powder obtained from Zr-B mixture containing 30 wt.%
NaCl is given in Fig. 5. The results are in fairly good agree-
ment with the cursory estimation made on the basis of SEM
images. Most of the ZrB, powder was composed of particles
with size between 70 and 200 nm. Product obtained by 30 wt.%
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Fig. 5. Particle size distribution of ZrB, powder obtained from Zr-B mixture
containing 30 wt.% NaCl.

Table 1
Melting and boiling points of the reactants and products'>!7:20,

Zr B NaCl V4337
Tm (°C) 1855 2075 801 3050
Ty (°C) 4409 4000 1465

NaCl addition contained more particles finer than 100 nm than
the powder obtained by 20 wt.% NaCl addition. It should be
noted that the particle size values obtained by zeta potential
measurements include values of additional hydrate layer around
ZrB; particles, thus the particles are expected to be smaller than
the data given in Fig. 5, and a higher percentage than the data
given in Fig. 5 is likely to be <100 nm.

Formation of TiC from Ti—C-NaCl mixtures through SHS
was investigated by Nersisyan et al.!?> They proposed that Ti
and NaCl, which are expected to be at liquid state at the reaction
temperature, form a melt that covers the solid carbon particles.
In this system that is chemically very active, carbonization of
liquid titanium takes place resulting in formation of TiC parti-
cles. A similar mechanism to that proposed for Ti—C system may
apply to Zr—B compositions containing NaCl. According to the
adiabatic temperatures of reactions given in Fig. 1 and melting
points of the reactants given in Table 1, in the NaCl free sample
first Zr and then B are expected to melt in the preflame zone
ahead of the reaction wave. Therefore, it is safe to say that the
reaction takes place between liquid Zr and B reactants. In the
case of NaCl containing samples, melting and vaporization of
NaCl s expected to take place prior to melting of Zr and B in the
preflame zone regarding to its much lower melting and vapor-
ization point than melting points of Zr and B. Presence of NaCl,
as verified by the XRD analyses, may be attributed to building
up and trapping of NaCl vapor inside the pores of the reaction
pellet and suppression of vaporization of NaCl. Calculated adi-
abatic temperatures are higher than the melting temperatures of
Zr and B for all compositions containing less NaCl than 40 wt.%.
Ahead of the reaction zone, therefore, liquid NaCl is expected
to wet the solid Zr and B particles due to capillary forces and
then fusion of Zr and B may take place prior to reaction; most
probably forming a melt composed of NaCl-Zr—B. System can
be considered homogenous for an instant before the reaction
between Zr and B, which results in formation of solid ZrB,
crystals in the melt, melting point of which are higher than the
adiabatic temperatures of the NaCl containing compositions. It
is possible for the formed ZrB; crystals to deplete Zr and B in
their vicinity in the melt and on account of the rapid cooling and
solidification of the melt after the passage of the reaction wave,
ultrafine individual ZrB; particles remain isolated. The mecha-
nism is similar to solution-precipitation mechanisms, however,
in the presence of a non-reactive liquid phase. The hindrance of
mass transport among the ZrB, crystals after they are formed is
believed to be the basis of the grain refinement effect of NaCl.
Indeed, according to the TEM analyses reported by Nersisyan et
al.,'2 in the case of SHS formation of TiC from Ti and C in the
presence of NaCl, formed TiC particles were mainly separated
from each other by a thin layer of NaCl. Although experimen-
tal data confirming the presence of Zr and B within the NaCl
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matrix prior to reaction is not present, the faceted structure of
the formed ZrB; particles as seen in Fig. 4(c) is in support
of the above discussed mechanism, since solution-precipitation
growth mostly leads to faceted particle morphology.?! In addi-
tion, other possible mechanisms such as gas phase reactions are
not excluded.

4. Conclusion

Preparation of nano-size ZrB, powder via SHS was demon-
strated by adding 10-50 wt.% NaCl into Zr—B elemental starting
powder. Reactions took place completely even with high NaCl
content. Adiabatic temperature of reactions, reaction wave
velocity, average crystallite size and particle size of the formed
ZrB; decreased significantly with increasing NaCl content.
30wt.% NaCl addition was found to be the optimum and
obtained ZrB; particles were mostly finer than 200 nm. Hin-
drance of mass transport among ZrB; crystals is believed to be
the basis of grain refinement effect of NaCl.

Obtaining nano-sized powder was considered very difficult
in SHS due to inevitable high temperatures. Owing to the intro-
duction of NaCl into SHS, process control and preparation of
ceramic powder having nano-sized particles were rendered pos-
sible. The development has the potential to enrich the spectrum
and the properties of materials that could be produced via SHS.
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